Abstract-This study investigates whether the uncompetitive N-methyl-D-aspartic acid receptor antagonist, memantine, is able to protect dissociated cortical neurons from glutamateinduced excitotoxicity (GIE). Treatment with glutamate resulted in a significant loss of synchronization of neuronal activity as well as a significant increase in the duration of synchronized bursting events (SBEs). By administering memantine at the same time as glutamate, we were able to completely prevent these changes to the neuronal activity. Pretreatment with memantine was somewhat effective in preventing changes to the culture synchronization but was unable to fully protect the synchronization of electrical activity between neurons that showed high levels of synchronization prior to injury. Additionally, memantine pretreatment was unable to prevent the increase in the duration of SBEs caused by GIE. Thus, the timing of memantine treatment is important for conferring neuroprotection against glutamate-induced neurotoxicity. Finally, we found that GIE leads to a significant increase in the burst duration. Our data suggest that this may be due to an alteration in the inhibitory function of the neurons.
INTRODUCTION
The excessive influx of calcium into cells is believed to be the key early step in glutamate-induced excitotoxicity (GIE) that occurs in many neurological disease states, including brain injury, Alzheimer's disease, Parkinson's disease, Huntington's disease, HIV-associated neurocognitive disorders, and amyotrophic lateral sclerosis. 11, 12, 28, 30 Entry of calcium through N-methyl-D-aspartic acid receptors (NMDARs) is of particular interest because of the unique ability of these receptors to gate high levels of calcium influx. 12, 41 Consequently, the focus of numerous laboratory and clinical studies of a variety of diseases in which GIE is believed to play a role has been on NMDAR antagonists. Unfortunately, the majority of NMDAR antagonists have failed in clinical trials because they are not tolerated by humans at neuroprotective doses 28 due to the fact that at these doses, NMDA antagonists indiscriminately block normal synaptic function in addition to blocking the effects of excitotoxicity. 18, 30 Physiological NMDAR activity is essential for many aspects of normal synaptic function, and hence, brain function. 27 In addition, there are several types of neurons with survival dependent on synaptic NMDAR activity. 2 As a result, NMDAR antagonists that block all receptor activity can cause widespread apoptosis and neuronal loss, 2 leading to intolerable side effects, including hallucinations, sleepiness, and coma. 27 Thus, while blocking NMDAR activity due to overstimulation may be an effective mechanism to prevent against excitotoxicity, this must be accomplished without significant interference in normal synaptic function.
Memantine is an uncompetitive NMDAR antagonist which has been approved by the FDA for the treatment of moderate to severe Alzheimer's disease and has been used clinically for years outside of the United States for the treatment of Parkinson's disease, spasticity, and dementia. 27 In Alzheimer's disease studies, treatment with memantine slowed cognitive decline within just 2 weeks of treatment 19 and significantly reduced clinical deterioration. 46 Various clinical trials of memantine have found that it is well-tolerated by humans at therapeutic concentrations. 6, 35, 38, 45 Multiple in vitro and in vivo animals studies have shown that memantine blocks excessive NMDAR activity without disrupting physiological synaptic activity. 7, 23, 35, 36 In addition, memantine had minimal effects on neuronal ultrastructure, learning, long-term potentiation (LTP), and synaptic transmission in an in vivo animal study of ischemia. 8 A different animal study found that treatment with memantine after experimental traumatic brain injury (TBI) in rats significantly prevented neuronal loss in both the CA2 and CA3 regions of the hippocampus. 37 Memantine is able to block the excitotoxic effects of NMDAR overactivation without altering normal synaptic transmission because it is a low-affinity, uncompetitive, open-channel blocker and has a relatively rapid off-rate from the channel. 5, 28, 29 The fast off-rate prevents memantine from accumulating in NMDARoperated channels, thus avoiding interference with physiological neurotransmission. 28 At resting membrane potentials under normal conditions, NMDARs are blocked by extracellular magnesium that occupies the channel. 6, 13, 32, 34 In excitotoxic conditions, the cells depolarize and the magnesium is repelled, opening the channel to calcium influx. 6, 51 Memantine has been shown to be less voltage-dependent than magnesium, which allows memantine to continue to block the channels under relatively depolarized conditions. 48 In addition, studies have found that memantine effectively blocks NMDAR activity in the presence of prolonged elevations of glutamate concentrations, but it is not as active when glutamate levels increase for shorter periods of time, as in synaptic transmission. 5 Furthermore, recent studies have found that the activation of NMDARs may have opposing outcomes depending on where the NMDARs are located. 17 The stimulation of synaptic NMDARs trigger pro-survival events while the stimulation of extrasynaptic NMDARs may override these normal pathways, triggering the many deleterious pathways that all ultimately result in cell death. 17 Memantine has been shown to preferentially block extrasynaptic NMDAR channels while sparing normal synaptic activity, 1, 2, 23, 49 which may explain the limited side effects found in patients treated with memantine.
In this paper, we investigated the ability of memantine to prevent against GIE in cortical cultures grown on microelectrode arrays (MEAs). We have previously determined parameters that are both stable over short periods of time and show both substantial and modest changes to the network resulting from glutamate treatment. 22 Using these parameters, we analyzed the ability of memantine to protect the function of the neuronal network from GIE. Using MEAs to investigate the neuroprotective ability of memantine allows one to measure the interaction between neurons in different areas of the network to determine if memantine cannot only prevent neuronal death but also whether memantine treatment can protect the ability of the neurons to send and receive signals as they did prior to GIE. Using MEAs offers some benefits over other techniques of measuring neuronal activity. MEAs are non-invasive, which allows for long-term sterile recordings from the same neurons. 10 In addition, MEAs have been shown to have better temporal resolution than intracellular calcium transient imaging, as a single action potential can cause a transient change in calcium signaling that lasts for 100 s of milliseconds. 42 Our results indicate that memantine prevents against the effects of GIE when co-administered with glutamate. We found that pretreatment with memantine is somewhat effective in preventing against GIE. Pretreatment with memantine was unable to protect specific neuronal subsets that we have previously suggested may be more susceptible to glutamate-induced injury. In addition, we found that GIE dramatically changes the bursting behavior of the network. We observed an increase in the burst duration that may be caused by an alteration in the inhibitory behavior of the neurons.
METHODS

Network Preparation
Cortices were dissected from rat embryos at embryonic day 18 (E18) gestation. Meninges were removed, and the cells were dissociated with gentle trituration. Cells were plated on microelectrode arrays (MEA; Multi Channel Systems, Germany) in glutamate-depleted serum containing media (SCM; 84.4% MEM (Minimum Essential Medium; Gibco 42360, USA), 10% horse serum, 0.6% glucose, supplemented with 5% penicillin and streptomycin). Prior to use, the SCM was depleted of glutamate by incubating the media for at least 6 h in tissue culture flasks that contained mature astrocytes and then filtered. 50 The MEAs consist of 60 electrodes (59 active electrodes and 1 reference electrode), each with a diameter of 10 lm, arranged in a square grid with a spacing of 100 lm between them. Prior to plating, the MEAs were prepared similar to the method by Hales et al. 16 with some modifications. 100 lL of 0.3% polyethylene imine (PEI Sigma 03880, USA) dissolved in borate buffer was added to the center of each completely dry MEA for 1 h at room temperature in order to cover all of the electrodes. The MEAs were then washed three times with deionized water and allowed to dry completely under a laminar flow hood. Immediately prior to plating, 10 lL of 1 mg/mL laminin (Sigma L2020, USA) was dissolved in 1 mL of SCM, and 20 lL of this solution was added to the center of the MEA (where the electrodes are located) and allowed to adhere for 20 min. The laminin was aspirated, and 20 lL of the dissociated cells, diluted to a concentration of 5 million cells per mL in SCM, were added to the center of the MEAs (where the laminin coating was). The MEAs were placed in a 37°C with 5% CO 2 incubator for 40 min. After 40 min, the MEAs were inspected under a light microscope to ensure that the cells had adhered to the electrodes after which 1 mL of glutamate-depleted SCM was gently added to the MEAs. This plating protocol differs from our previous studies. 22 We found that this method of cell plating resulted in better cell coverage on the electrodes, and at the termination of the experiments, the cellular debris was easier to remove from the MEAs. Medium was replaced every other day. All animals were cared for using ethical practices in accordance with IACUC standards.
Pharmacological Treatments
Glutamate was dissolved in SCM at a concentration of 300 lM. Memantine (Sigma M9292, USA) was dissolved in SCM at a concentration of 50 lM. At day in vitro (DIV) 14, the cell growth medium was replaced with fresh SCM with or without glutamate or memantine. Cultures were either treated for 1 h with 300 lM glutamate, treated for 1 h with 300 lM glutamate + 50 lM memantine, or pretreated for 1 h with 50 lM memantine followed by a 1 h treatment of 300 lM glutamate. After the completion of glutamate and/or memantine treatment, the solution was replaced with fresh SCM. It should be noted that the concentration of glutamate used in these studies differs from our previous work. 22 This is a result of the change in our plating protocol as noted above. Due to better adherence and survival of cells using this protocol, the glutamate concentration was increased in order to observe a change in cell firing behavior. In order to investigate the mechanism by which bursts change in duration, we applied 10 lM bicuculline, an c-aminobutyric acid (GABA) receptor antagonist, in recording media to the MEAs for 10 min and then recorded the electrical activity in the presence of bicuculline. The neuronal activity on the MEAs was recorded in the presence of 50 lM memantine for 1 h alone to determine the effects of memantine on the normal synaptic signaling of the neuronal network.
Microelectrode Array Recording
Microelectrode array recordings were taken from each MEA immediately preceding drug treatment(s) and 24 after the removal of the drug(s). Prior to each recording, recording media (NaCl 144 mM, KCl 10 mM, MgCl 2 1 mM, CaCl 2 2 mM, HEPES 10 mM, Na-pyruvate 2 mM, glucose 10 mM, pH 7.4) was added to the MEAs for 10 min to allow the cultures to reach equilibrium. The recording media formulation was chosen so as to regularize the bursting behavior between the electrodes. After each recording, the MEAs were washed three times with growth media.
Data Analysis: Detection of Electrical Activity
The electrical signals were monitored, recorded, and analyzed as previously described. 22 Briefly, the data acquisition software, MCRack (Multi Channel Systems, Germany) was used to record the signals. The data were imported into Matlab using MEA-Tools, an open-source toolbox. The data were then filtered to remove any recording artifacts. Spikes were defined as any signal with voltage that surpassed a specified positive or negative threshold. 15, 24 The threshold was chosen to be at least two standard deviations above the level of the background noise that the signals were embedded in. Electrodes often recorded signals from more than one neuron. This ''whole channel analysis approach'' was chosen in order to gather data from 'micro' networks within the area of each electrode. 10, 15, 33 Synchronized bursting events (SBEs), or bursts, were defined as periods of high spike activity recorded simultaneously on multiple electrodes. 9 Spikes were identified as belonging to a specific SBE if they occurred within a specified period of time of a minimum number of other spikes. 9 The existence of each burst was verified by visual inspection. The burst duration was calculated by subtracting the time point at which the first spike occurred in the burst from the time point at which the last spike occurred in each burst.
Data Analysis: Measurement of Synchronous Firing Behavior
In order to measure changes in the synchronous behavior of the network, the synchronization index (SI) between all pairs of electrodes was calculated as previously described. 22 Given two electrodes, x and y, the synchrony of firing (SF) was defined as the number of times that the two electrodes recorded a spike within the same burst (B xy ) normalized to the total possible number of times either of the two electrodes recorded a spike within the same burst (B x|y ):
These values were then weighted by the frequency by which the two electrodes recorded a spike within the same burst (N xy ) compared with the number of bursts that occurred on that MEA during that recording period (NB) as a function of the maximum frequency of bursts that occurred on that MEA during either recording period (MB).
The SI values prior to drug treatment were subtracted from the SI values after drug treatment in order to find the change in synchronization (CS) of action potential firing that occurred as a result of drug treatment. The SI value was calculated between every pair of electrodes such that each electrode had 58 SI values. These 58 values were then averaged in order to obtain the average synchronization index (ASI) for each electrode.
In order to quantitatively compare the change in synchronization of action potentials within the neuronal network between treatment groups, the CS values between all electrode pairs of each experimental group were combined. Each CS value was normalized to the initial SI value of that electrode pair. The results were binned into three groups depending on the initial SI value, 0.1-0.4 (weak initial synchronization), 0.4-0.7 (moderate initial synchronization) and 0.7-1 (strong initial synchronization), to determine if the initial level of synchronization of action potential firing between two electrodes determined their susceptibility to GIE.
RESULTS
The Ability of Memantine to Protect the Synchronized Firing of Neuronal Networks
We analyzed the effect of glutamate treatment with or without memantine treatment on the pattern of action potential firing of the neuronal network. We performed this assessment 24 h after treatment as this is the time point we previously used to assess the effects of glutamate treatment both cellularly 14 and electrophysiologically. 22 The synchronization index (SI) was calculated between all pairs of electrodes before and after glutamate and memantine treatments in order to measure changes in the synchronization of neuronal firing throughout the neuronal network. This resulted in a matrix in which each electrode is plotted against all other electrodes, yielding a 59 9 59 matrix (Fig. 1) . In control cultures and in cultures treated with glutamate and memantine simultaneously, a large percentage of the electrode pairs showed either no change in the SI or an increase in the SI (Fig. 1, first and third  rows) . In cultures treated with 300 lM glutamate, the majority of electrode pairs showed a large decrease in the SI (Fig. 1, second row) . Treatment of cultures with 50 lM memantine prior to glutamate treatment also resulted in decreases in the SI of many electrode pairs (Fig. 1, fourth row) . However, these decreases were not as great as cultures treated with glutamate alone. In addition, in these cultures, there were a number of electrode pairs that did not show a change in the SI before and after drug treatments.
The 58 SI values for each electrode were averaged in order to calculate an average synchronization index (ASI) for each electrode. The SI value of the electrode with itself and with the reference electrode was excluded. This resulted in a matrix where the locations of the ASI values represent the actual physical location of each electrode (Fig. 2) . The change in ASI grids for each of the experimental groups is similar to those seen in the SI grids (Fig. 1) except that increases and decreases in ASI values are reduced, because in this analysis, the individual SI values were averaged. In control cultures and in cultures simultaneously treated with glutamate and memantine, the ASI values of the electrodes either did not change or increased slightly. For cultures treated with 300 lM glutamate or pretreated with 50 lM memantine and then treated with 300 lM glutamate, the ASI value of a large number of electrodes decreased, with larger decreases occurring for the culture treated with only 300 lM glutamate.
The SI values of all of the MEAs before and after drug treatments of each experimental group were combined in order to quantitatively measure changes in the synchronization of action potentials resulting from treatment with glutamate (Fig. 3) . The values were normalized to the SI before drug treatment. There was a significant decrease in synchronization in cultures treated with 300 lM glutamate. Cultures treated with memantine, either prior to glutamate treatment or at the same time as glutamate treatment, completely protected this overall loss in synchronization. There was a trend toward a decrease in synchronization in cultures treated with memantine prior to glutamate treatment, but the decrease was not significant.
In order to determine if the initial level of synchronization of action potential firing between two electrodes determines the ability of memantine to protect their synchronization, the CS values between all electrode pairs of each treatment group were normalized to the initial SI value and binned into 3 groups depending on the initial SI value: 0.1-0.4 (weak initial synchronization), 0.4-0.7 (moderate initial synchronization) and 0.7-1 (strong initial synchronization) (Fig. 4) . Cultures treated with 300 lM glutamate resulted in a loss of synchronization of action potential firing in all groups. Treatment with memantine at the same time as glutamate treatment completely protected all losses in synchronization resulting from glutamate treatment. Treating cultures with 50 lM memantine before glutamate treatment completely protected the loss of synchronization of firing of electrode pairs that were initially weakly and moderately synchronized. Pretreatment with memantine was able to partially protect the synchronization of activity of electrode pairs that were initially strongly synchronized, as the loss in synchronization was significantly greater than the control but significantly less than cultures treated with only glutamate. FIGURE 1. The ability of memantine to protect the synchronized firing between electrode pairs. A representative MEA for each condition is shown. SI 5 synchronization index. Column 1 shows the synchronization grids before drug treatment, column 2 shows the synchronization grids 24 h after drug treatment, and column 3 shows the change in synchronization (CS) as a result of drug treatment. In the left and middle columns, a red color designates that the two electrodes have a high SI, indicating that both electrodes frequently record a spike within the same burst. A dark blue color designates little to no synchronization between the neurons whose action potentials are recorded on those electrodes. In the third column, a red or yellow color indicates an increase in the SI (positive CS), a pale green color represents no change in the SI, and a blue color represents a decrease in the SI (negative CS). FIGURE 2. The effect of glutamate and memantine treatment on the average synchronization index value of electrodes. A representative MEA for each condition is shown. ASI 5 average synchronization index. The location of the ASI value for each electrode represents the actual physical location of the electrode on the MEA. Column 1 shows the ASI values prior to drug treatment, column 2 shows the ASI values 24 h after drug treatment, and column 3 represents the change in the average synchronization of each electrode as a result of drug treatment. In the left and middle columns, a red color designates that that electrode has a high ASI, indicating that the neurons on that electrode fire in synchrony with neurons on other electrodes. A dark blue color designates that the neurons whose action potentials are recorded on that electrode do not fire with a high degree of synchrony with many neurons on other electrodes. In the third column, a yellow color indicates an increase in the ASI, a pale green color represents no change in the ASI, and a blue color represents a decrease in the ASI.
The Ability of Memantine to Protect Against Changes in Burst Duration
We assessed whether treatment with glutamate affects the shape of the SBEs, specifically whether it affects the length or duration of the bursts, and whether memantine treatment can prevent these effects. The average burst duration of all the bursts on a single MEA was calculated and combined with the averages of all of the other MEAs treated with that glutamate concentration (Fig. 5) . We found a significant increase in the burst duration of cultures treated with 300 lM glutamate as compared to control cultures. When memantine was applied at the same time as glutamate, the increase in burst duration was completely blocked. However, pretreatment of cultures with memantine did not prevent the increase in burst duration resulting from glutamate treatment. Rastor plots of example SBEs for each of the treatment groups are shown in Fig. 6 .
In order to further investigate the mechanism by which the burst duration is increased in injured cultures, we recorded the activity of both untreated control cultures and cultures treated with 300 lM glutamate while in a solution of 10 lM bicuculline diluted in recording media (Fig. 7) . After allowing the cultures to equilibrate in this media for 10 min, we recorded the culture activity and compared the duration of bursts of each MEA in regular recording media and in the presence of bicuculline. The application of bicuculline to cultures injured with 300 lM glutamate did not change the width of the bursts. In control cultures, bicuculline consistently resulted in a dramatic increase in burst duration, similar to what is seen after GIE.
DISCUSSION
In this paper, we used the tools we developed in our previous work to determine the ability of memantine, an uncompetitive NMDAR antagonist, to protect the neuronal network from injury due to glutamate FIGURE 3. Memantine fully protects neurons from an overall loss in SI. Treatment with different memantine either during or prior to treatment with 300 lM glutamate results in complete protection from the overall loss of synchronization observed in cultures treated with glutamate alone. ***p < 0.001 (as compared to control) determined by one-way ANOVA followed by Student-Newman-Keuls Multiple Comparison Test. Statistical analysis was performed on a per MEA basis (n 5 20 for control, n 5 21 for 300 lM glutamate, n 5 12 for concurrent 300 lM glutamate and 50 lM memantine treatment, n 5 12 for pretreatment with 50 lM memantine treatment followed by treatment with 300 lM glutamate). FIGURE 4. The initial synchronization between electrode pairs determines the ability of memantine to protect. Treatment with memantine at the same time as glutamate treatment is able to fully prevent against the loss of action potential synchrony observed in glutamate treated cultures. Treatment with memantine prior to glutamate treatment blocks the effects of glutamate treatment on the synchronization of electrode pairs that are initially weakly and moderately synchronized, but is unable to fully protect electrode pairs that are initially strongly synchronized. * 5 statistically different from control. # 5 statistically different from 300 lM glutamate. ***p < 0.001; *p < 0.05 determined by one-way ANOVA followed by Student-Newman-Keuls Multiple Comparison Test. Statistical analysis was performed on a per MEA basis (n 5 20 for control, n 5 21 for 300 lM glutamate, n 5 12 for concurrent 300 lM glutamate and 50 lM memantine treatment, n 5 12 for pretreatment with 50 lM memantine treatment followed by treatment with 300 lM glutamate).
treatment. Previous studies have indicated that unlike competitive NMDAR antagonists, memantine is able to block the effects of NMDAR overactivation without altering normal synaptic function. 5, 28, 29 Investigating the efficacy of memantine using MEA recordings allows us to measure activity before and after GIE and protective treatments in order to detect changes in the way the network in functioning.
We chose two protocols for memantine treatment based on previous studies that used similar treatment protocols 4, 21 : pretreatment for 1 h followed by 1 h glutamate treatment and treatment at the same time as glutamate treatment. Because glutamate is released during the secondary phase of TBI, it is possible that patients could be protected with memantine after the initial mechanical injury has occurred but before excess glutamate begins to accumulate. Using these two treatment protocols allows us to investigate the appropriate time point at which memantine should be applied FIGURE 6 . The effect of glutamate and memantine treatment on burst duration. Example SBEs before and after drug treatment for control cultures, cultures treated with 300 lM glutamate, cultures treated with 50 lM memantine at the same time as 300 lM glutamate, and cultures pretreated with 50 lM memantine followed by 300 lM memantine treatment. Each picture encompasses a single SBE. Each dot in the graphs represents a recorded spike. FIGURE 5. The change in burst duration after glutamate and memantine treatments. Cultures treated with 300 lM glutamate had a significant increase in average burst duration. Cultures treated with 50 lM memantine at the same time as 300 lM glutamate had no change in the average burst duration. Cultures pretreated with 50 lM memantine prior to glutamate treatment had a significant increase in burst duration. ***p < 0.001 (statistically different from control); ###p < 0.001 (statistically different from 300 lM glutamate) determined by one-way ANOVA followed by StudentNewman-Keuls Multiple Comparison Test. Statistical analysis was performed on a per MEA basis (n 5 20 for control, n 5 21 for 300 lM glutamate, n 5 12 for concurrent 300 lM glutamate and 50 lM memantine treatment, n 5 12 for pretreatment with 50 lM memantine treatment followed by treatment with 300 lM glutamate).
following injury. Our results indicate that when applied at the same time as glutamate, memantine is able to completely prevent the effects of GIE in our culture system. Memantine treatment, according to this protocol, completely preserved the pattern of electrical activity of the network. In addition, memantine prevented the increase in burst duration that we observed when cultures were treated with 300 lM glutamate. Importantly, in our preliminary experiments we found that memantine did not interfere with normal synaptic signaling as activity observed in the presence of memantine did not differ from the activity observed prior to the application of memantine. This agrees with previous studies that found that memantine does not alter normal synaptic function. 8, 49 This property of memantine has proven extremely important as long-term treatment with NMDAR antagonists that do alter normal synaptic function have been found to produce intolerable side effects 26, 28, 39, 40 while long-term treatment with memantine has not resulted in the same side effects. 8, 49 Chen and colleagues found that memantine treatment had no adverse effects on learning, even when the memantine was administered to rats over a period of several days. In contrast, MK-801, administered just twice, resulted in a complete disruption of spatial learning. 8 Pretreatment with 50 lM memantine prior to treatment with 300 lM glutamate resulted in a partial protection from the effects of GIE. The overall level of culture synchrony was maintained in these cultures. However, a closer inspection of the changes in synchronization found that memantine pretreatment was unable to fully protect the neuronal subgroups that we have previously found to be more susceptible to glutamate-induced injury. Specifically, memantine pretreatment only partially protected the synchronization of action potentials of electrode pairs that were highly synchronized prior to GIE. Our previous data indicate that this subgroup of electrode pairs may be more susceptible to GIE 22 as neuronal susceptibility has been shown to be activity-dependent. 25 As a result, it is possible that drug treatments may be less effective at preventing GIE in these neuronal subgroups. Memantine pretreatment was also unable to prevent the increase we observed in burst duration due to glutamate treatment. This result suggests that glutamate treatment may alter inhibitory activity. Memantine pretreatment appears to be less effective than concurrent application of memantine with glutamate. This is not surprising as memantine acts as an NMDAR blocker but has a relatively fast off-rate. 5, 27 Thus, it is possible that in cultures that are only pretreated with memantine, the blocked NMDARs become unblocked at some point during the glutamate treatment, allowing for overstimulation of these receptors.
Treatment with 300 lM glutamate resulted in a significant increase in burst duration. In the example bursts shown in Fig. 6 , it appears that the same electrodes record repeated action potentials. Our previous experiments have determined that each electrode may be recording the activity of 1-3 neurons. Thus, as there are many more than 3 action potentials being detected on a single electrode within these post-injury bursts, a single neuron must be producing multiple action potentials within a short period of time, producing an epileptic type activity pattern. We believe this increase in burst duration may be due to a loss of inhibitory function in our cultures. In our studies, we found that we could produce a similar increase in burst duration that we observed in glutamate-injured cultures by treating uninjured control cultures with the GABA receptor antagonist bicuculline. Thus, by eliminating the inhibitory activity chemically we were able to mimic the behavior of the neurons that is observed after GIE. Furthermore, treatment of injured cultures with bicuculline did not result in a change in burst duration, suggesting that the inhibitory activity after GIE is already suppressed. These data suggest that the increase in burst duration that we see in our injured cultures may result from a loss of GABA receptormediated inhibitory activity, as was observed in previous studies. 43 Similarly, studies have found that a loss of inhibitory function may be a cause of post traumatic epilepsy (PTE) following TBI. 43, 44 It is not uncommon for adults to develop PTE following TBI. 47 Studies of US veterans of WWI, WWII, and the Korean War found that 50% of military personnel that experienced head injuries developed PTE. 31 In the civilian population, approximately 35-50% of individuals with penetrating head injuries develop PTE. 3 While the link between TBI and PTE is well established, the mechanisms behind the development of PTE is not yet fully understood. 20 It is generally believed that epileptic activity is caused by an imbalance in excitatory and inhibitory synaptic function. 44 One study found a reduction in GABA receptor binding in both the rat hippocampus and cortex after fluid percussion injury, resulting in a decrease in inhibitory function. 43 This impairment of GABA receptor-mediated inhibition may result from the loss of interneurons.
In this paper, we investigated the efficacy of the drug memantine to protect against GIE. Our results provide further evidence that memantine may be able to block the effects of secondary injury that result from GIE that occurs in TBI. Importantly, our analysis of the electrical activity of neurons found that memantine fully protects the function of neurons as not a single parameter we measured differed significantly from the control recordings in cultures treated with memantine at the same time as glutamate treatment. Previous studies, 5, 7, 8, 23, 35, 36 as well as our preliminary experiments, suggest that memantine does not disrupt normal synaptic function, supporting its use in long-term treatment following TBI. Finally, our results of cultures pretreated with memantine further support our theory that specific subgroups of neurons are more susceptible to glutamateinduced injury, and therefore, may be more difficult to protect.
